The non-obese diabetic (NOD) mouse strain which spontaneously develops diabetes is a model for human Type 1 (insulin-dependent) diabetes mellitus. At least one of several genes controlling diabetes in the NOD mouse has been mapped to the MHC. Although previous experiments have implicated the MHC class II genes in the development of the disease, the existence of other MHC linked susceptibility genes has not been ruled out. In order to identify these susceptibility genes we have further characterized the MHC haplotype of the NOD mouse and two non-diabetic sister strains, the non-obese non-diabetic (NON) and cataract Shionogi (CTS). We have examined the mouse MHC class III region for the presence of homologous genes to 17 newly isolated human MHC class III region genes (G1, G2, G4, G6, G7a/valyl-tRNA synthetase, HSP70, G8, G9, G10, G12, G13, G14, G15, G16, G17 and G18). We detect unique hybridizing DNA fragments for 16 of the 17 genes in six inbred mouse strains (NOD, NON, CTS, B10, BALB/c and CBA/J) indicating that this part of the H-2 region is similar to the human MHC class III region. Using a panel of restriction enzymes we have defined RFLPs for 6 (G2, G6, HSP70, G12, G16, G18) of the 16 cross-hybridizing probes. The RFLPs demonstrate that NOD, NON and CTS mouse strains each have a distinct MHC haplotype in the MHC class III region.
The non-obese diabetic (NOD) mouse which spontaneously develops diabetes, is an animal model for Type 1 (insulin-dependent) diabetes mellitus. As in man the disease in this mouse strain has an autoimmune aetiology. Type 1 diabetes in the NOD mouse is controlled by several recessive genes [1, 2] at least one of which, Idd-1, has been mapped to the MHC on chromosome 17. Analyses of transgenic NOD mice containing foreign or modified MHC class II genes have demonstrated that the lack of I-Ect expression [1] and the unusual sequence of the AflgT-chain [3] are critically important for the diabetic phenotype [4] [5] [6] [7] . The NOD mouse strain was developed from a non-inbred cataract prone ICR mouse strain together with two non-diabetic strains, the non-obese non-diabetic (NON) and the cataract Shionogi (CTS) mouse strains [8] . Previous analyses have shown that the NOD and CTS mouse share the same alleles in the MHC class II region, but are different at the H-2D locus [9] [10] [11] . The NOD and NON mouse strains share the same functional allele for the H-2D locus [9] , but differ in the rest of the classic and non-classic class I and class II loci [2, 9, 12] . Congenic NOD.CTS-H-2 strains are being established, and preliminary analysis of these suggests that in addition to the MHC class II genes at least one other MHC-linked gene might influence the diabetogenic phenotype [13] .
The MHC contains three major subregions. The highly polymorphic class I and class II regions encode the receptors that bind and present processed antigens to the T cells. More recently additional genes encoding functions involved in the processing and transport of endogenous peptides, and class II-like genes have been identified [14] [15] [16] [17] . The class III region contains the S region genes that encode components of the complement system. More recently at least 30 novel genes have been identified [16, [18] [19] [20] some of which encode three heat shock 70 proteins (HSP70) [21] and valyl-tRNA synthetase (G7a) [22] . However, the functions of most of the other novel gene products have yet to be identified.
To further characterize the MHC haplotype of the NOD mouse with the aim of identifying additional susceptibility genes we have used several of the new human MHC class III region cDNAs to compare the haplotype of the NOD mouse with five non-diabetic mouse strains. We 
Materials and methods

Mice
The NOD/CRC strain used in this study came from a colony of NOD/Lt mice established at the Clinical Research Centre, Harrow, Middlesex, UK. The NON/Shi/Jos and CTS/Shi/Jos mice were from breeding colonies at the Joslin Diabetes Center, Boston, Mass., USA. The C57BL/10 (B10), BALB/c and CBA/J mice came from colonies at N. I. M. R., London, UK, and the B 10.A(2R), B10.A(4R) and B10.A(5R) were also from the Clinical Research Centre.
DNA isolation and Southern blot analysis
The DNA was extracted from fresh or frozen livers as previously described [12] . [23] , were added and the filters, hybridized for a minimum of 40 h at 42~ washed in lx SSC (1 x SSC: 150 mmol/1 NaC1, t5 mmol/l sodium citrate pH 7.0), 0.1% SDS at 65~ before exposure to Kodak X-OMAT AR-5 X-ray films at -70 ~ for 3 to 7 days.
DNA probes
The cDNA ciones for the human class III region genes encoding G1, G2, G4, G6, G7a, G8, G9, G9a, G12, G13, G14, G15, G16, G17 and G18 ( Fig. 1) were obtained by screening a cDNA library from the human monocyte cell line U937 with the appropriate cosmid or genomic probes [18, 20] . The G10 probe was a 1.3 kilobase (kb) BamH I/Xho I genomic DNA fragment [18] , whilst the HSP70 probe was a 2.4 kb BamH I/Hind III genomic DNA fragment containing the HSP70-1 gene [21] . The cDNA or genomic DNA inserts were released from the plasmid vectors using suitable restriction endonucleases, purified by agarose gel electrophoresis and spin elution.
Results
To further characterize the MHC haplotype of the NOD mouse strain compared to other non-diabetic haplotypes, notably that of the CTS mouse strain, we started by deter- , BALB/c and CBA/J mouse strains was digested with the appropriate restriction enzyme and hybridized with either eDNA or genomic probes for the human MHC class III region genes a) the G2 eDNA probe hybridized to Bgl I digested DNA b) the G6 cDNA probe hybridized to Hinc II digested DNA e) HSP70 genomic probe hybridized to EcoR I digested DNA d) the G12 eDNA probe hybridized to Taq I digested DNA e) the G16 cDNA probe hybridized to a Southern blot of EcoRI digested DNA and f) the hybridization profile seen with the G18 probe hybridized to EcoR I digested DNA mining if the mouse M H C contains genes homologous to those recently identified in the human M H C class III region. We used c D N A or genomic probes for 17 of the new class III region genes. The G1, G2, G4, G6, G7a (valyl t R N A synthetase), HSP70, G8, G9, G9a, and G10 genes are located in the region between the C2 and T N F genes, and the G12, G13, G14, G15, G16, G17 and G18 genes are located betweenthe D R and CYP21B genes (Fig. 1) . When hybridized to Southern blots of mouse D N A all but the G8 probe detected one or a few discrete D N A fragments indicating that the mouse genome contains homologous genes for all these human genes (representative blots are shown in Fig. 2 ). We failed to detect any cross-hybridization with the G8 probe to D N A from mouse, rat or pig suggesting that either this gene is unique to the human genome or that the G8 gene sequences have diverged too much to allow cross-hybridization under the conditions used here.
To establish if any'of these human class III region gene probes could be used to characterize the M H C haplotypes of the N O D , N O N and CTS mouse strains, we hybridized the probes to Southern blots of genomic DNA, digested with 12 different restriction endonucleases, from these strains. To determine if the putative polymorphic D N A fragments indeed map to the H-2 class III region, we included D N A samples from the C57BL/10 (B 10), BALB/c and CBA/J mouse strains and the congenic intra H-2 recombinant mouse strains B10.A(2), B10.A(4R) and B10.A(5R) which allow discrimination of alleles in the class III region (Table 1) . No RFLPs were detected with the G1, G4, G7a, G9, G9a, G10, G13, G14, G15 and G17 probes. We could, however, detect one or more RFLPs with the probes for the G2, G6, HSP70, G12, G16 and G18 genes ( Table 2) .
The G2 probe detects a polymorphic 3.8 kb Bgl I and a polymorphic 11 kb Bgl II D N A fragment in the NOD, Table 1 . The H-2 haptotypes of the inbred intra-H-2 recombinant mouse strains used When hybridized to human DNA the G6 probe also detected, in addition to the fragments derived from the G6 gene, fragments mapping outside the MHC region. The hybridization pattern of the G2 and G6 probes to Southern blots of the intra-H-2 recombinant strains located at least the polymorphic DNA fragments within the MHC class III region ( Table 2 ). The human MHC class III region contains three loci encoding members of the HSP70 family located between the G7a and G7 genes [21] . When hybridized to mouse DNA, the human HSP70 probe detects, in all digests, two or more predominantly hybridizing DNA fragments, as shown for the EcoR I digested DNA in Figure 2 strains. An additional 9.2 kb Sac I fragment was seen in the DNA from the NON, B10, BALB/c and CBA/J DNA which appears to be absent from the Sac I digest of DNA from the NOD and CTS mouse strains. The Sac I polymorphism seen in the NOD mouse has previously been mapped to the H-2 region between the Ea and D loci by Gaskin et al. [24] . Very recently Snoek et al. [25] have isolated overlapping cosmid clones containing three mouse HSP70 genes which were linked to the mouse G7a and G7 genes in the MHC class III region. Hybridization with the G12 probe detects RFLPs with EcoR I, Hind IIf and Taq I (Fig. 2, Table 2 ). A polymorphic 3.3 kb EcoR I fragment was detected in DNA from NOD and CTS only whilst G12 cross-hybridized to a 3.0 kb polymorphic EcoR I fragment in the DNA from the remaining mouse strains analysed. With Hind III the G12 probe detected, amongst several non-polymorphic bands, also a polymorphic 2.6 kb fragment in DNA from the NOD, CTS, BALB/c, B10.A(2R) and B10.A(SR) strains, but a 1.5 kb polymorphic fragment in the DNA from the NON, B10, CBA/J and B10.A(4R) strains. A different hybridization pattern was observed with Southern blots of Taq I digested DNA (Fig.2d) . With this enzyme DNA from the NOD, CTS, BALB/c, B10.A(2R) and B10.A(5R) strains can be distinguished from B10 and B10.A(4R) DNA by the presence of a faintly hybridizing polymorphic 7.0 kb Taq I fragment in the NOD, CTS, BALB/c, B10.A(2R) and B10.A(5R) DNA, but a 4.6 kb Taq I fragment in the B10 and B10A(4R) DNA. However, the G12 probe cross-hybridized to a completely different fragment pattern detected in Southern blots of Taq I digested NON and CBA/J DNA. The only two DNA fragments shared with the DNA from the other mouse strains are the two polymorphic fragments of 7.0 kb and 6.4 kb. Hybridization of the G12 probe to the intra-H-2 recombinant mouse strains maps at least the polymorphic DNA fragments to the MHC class III region (Table 2) .
Bgl II detected an RFLP with the G16 probe showing a polymorphic DNA fragment of 6.5 kb present in DNA from NOD, B10 and BALB/c, but two polymorphic fragments of 4.5 kb and 1.8 kb in the NON, CTS and CBA/J DNA. Furthermore an additional 0.85 kb DNA fragment seen in EcoR I-digested DNA from the NOD, NON and CBA/J strain was not present in DNA from any of the other mouse strains. In man the G16 probe detects in addition to the MHC-linked G16 gene, also one more gene mapping outside the MHC region. We have not been able to establish how many unlinked DNA fragments the G16 probe detects in the mouse genome, and in particular if the polymorphic DNA fragments described here are indeed derived from sequences linked to the MHC region.
The G18 probe detects a different hybridization pattern in the NOD, NON and CTS mouse strains. A polymorphic 10 kb and a very faintly hybridizing 6.5 kb EcoR I fragment were present in the NOD, B10 and BALB/c DNA whilst the G18 probe hybridized to polymorphic EcoR I fragments of 10 kb and 5.5 kb in Southern blots of NON and CBA/J mouse DNA. The 10 kb DNA fragment seems to be completely absent in the DNA from the CTS mouse which only contains the polymorphic 5.5 kb and the non-polymorphic 3.0kb DNA fragments (Fig.2f) . Hybridization of the G18 probe to BamH I, Hinc II and Hind III digested DNA detects one predominant hybridizing DNA fragment and one (BamH I) or two (Hinc II and Hind III) very faintly hybridizing DNA fragments suggesting that the human G18 probe only detects one gene in the mouse DNA.
Discussion
By using cDNA or genomic clones for 17 of the new human class III region genes, contained within approximately 800 kb of the human class III region, we have demonstrated that 16 of the 17 probes detect discrete DNA fragments in Southern blots of mouse genomic DNA. This confirms and extends the observations for the BAT2 (G2), BAT3 (G3), BAT4 (G5), BAT5 and BAT6 (G6) genes recently published by Snoek et al. [26] and Lafuse et al. [27] suggesting that the mouse MHC class III region is homologous to the human MHC class III region. In contrast to the highly polymorphic MHC class I and class II regions, only a limited number of RFLPs have been detected in the mouse class III region by us here or by others recently using other probes [26, 27] .
The novel RFLPs have nevertheless made it possible for us to further characterize the haplotypes of the NOD mouse and the two non-diabetic sister strains, the CTS and NON strains. Figure 3 summarizes the unique haplotypes of these three mouse strains. Prior analyses have shown that the NOD and the CTS mice differ serologically [9] at the H-2K locus, and that the MHC class II genes including Ea gene are identical [9-11, T. Lund, unpublished observations]. The present analysis defines major differences between the DNA of the NOD and CTS strains in the MHC class III region. If the NOD and CTS MHC haplotypes have been generated by simple recombination between parental haplotypes, the similar RFLP pattern seen for the Ect gene and the different allelic forms of the G18 gene would map the cross-over point in the class III region between these two genes.
Functional and serological analyses have shown that the NOD and NON mouse strains share the same allelic form of H-2D [9] . We have previously shown that the NOD and NON mice share the same allelic form of the tumour necrosis factor-ct (TNF-tx) gene with the B10 mouse [12] , Our results presented here also show that the G2 and G6 probes detect the same RFLPs in the NOD, NON, and B10 mouse strains. The rest of the MHC region differs greatly between the NOD and NON mouse strains. Our RFLP analysis does not permit us to speculate whether common haplotypes may have been involved in the generation of the NOD and NON MHC haplotypes.
Makino et al. [13] have established congenic NOD. CTS-H-2 mice. Preliminary analysis of the congenic NOD.CTS-H-2 cts/ct~ which are homozygous for the CTS MHC haplotype, indicate that these mice have a lower incidence of both insulitis and diabetes compared to the strain NOD.CTS-H-2 g7/g7 derived from the same cross [13] . Since the NOD.CTS-H-2 g7/g7 strain are homozygotic for the NOD H-2 haplotype, this suggests the existence of one or more MHC-linked diabetes susceptibility genes outside the MHC class II region. The MHC class III region as shown here differs in these two mouse strains, so this additional susceptibility gene could very well be located in this region. The NOD mouse has been shown to be a low producer of TNF-c~ in bacterial lipopolysaccharides (LPS) stimulated macrophages and long-term treatment of NOD mice with recombinant TNF-o~ causes a significant reduction in the incidence of diabetes [28, 29] . However, since these effects were also seen for interleukin-lflit is very likely that the 'dysregulation' of the cytokines is dependent on gene products mapping outside the MHC region, and that the TNF-c~ gene is not identical to the susceptibility gene. Apart from coding for the TNFcz and -fl, HSP70s, and valyl-tRNA synthetase (G7a), the functions encoded by the other new class III region genes remain to be established. Loci conferring disease suscepti-T. Lund et al.: MHC class III region in NOD, NON and CTS mice bility to a number of diseases have been mapped to this part of the MHC region using conventional genetics. These genes include Hh-1, haemopoetic histocompatibility locus [30] ; Cps-1, cleft palate susceptibility locus [31] ; Orch-1, orchitis susceptibility locus [25, 32] and Neu-1, a locus influencing neuraminidase activity [33] . To further search for additional diabetes susceptibility genes in the NOD mouse we are presently engaged in isolating intra-H-2 recombinant crosses between NOD and nondiabetic mouse strains. The RFLP analysis does not explain whether any of the sequence polymorphisms or the absence of polymorphic restriction enzyme recognition sequences will affect the expression or function of the respective genes. We have therefore started to isolate the cDNA clones for the mouse MHC class III region genes which will allow us to further characterise the structure and expression of these genes in the NOD and non diabetic mouse strains.
